The proximal hooks of plain and complex flagella produced by a strain of Pseudomonas rhodos have been analyzed by electron microscopy and optical diffraction and filtering. Plain flagellar hooks are cone-shaped, 70 nm long, and 13 to 21.5 nm wide, and consist of helically arranged subunits. Complex flagellar hooks are cylinders, 180 to 190 nm long, and 15 to 16 nm wide, and are composed of globular subunits. The structure comprises four small-scale helical rows of subunits intersecting between 10 and 11 large-scale helices of pitch angle 800. The axial and lateral dimensions of the unit cell, which define the surface lattice, are 4.9 and 4.7 nm, respectively. In addition, a core structure, approximately 5 nm wide, has been demonstrated inside the hook cylinder. Complex flagellar hooks were isolated and purified by gradient centrifugation after acid degradation of the attached filaments. Isolated hook particles have an average sedimentation constant of 130S and consist of a protein of molecular weight 43,000. A model of the complex flagellar hook is presented, and its possible role in flagellar assembly and rotation is discussed.
known about the function of the hook linking these two regions. It is known, however, that the presence of the proximal hook is a prerequisite for the in vivo assembly (9, 31) of the flagellar filament and that its structural integrity is required for normal translational motion of the bacterial cell (25) . Information pertaining to the function of the hook can be expected from an analysis of its structure. For this purpose, the complex flagella of P. rhodos are especially suitable, since their hooks are unusually long (180 to 190 nm), reveal a distinct substructure (16) , and can be isolated in reasonable quantities. Data obtained on the fine structure and composition of the complex flagellar hook were integrated into a model, which may be useful in elucidating its function.
MATERIALS AND METHODS
Bacterial strains. Wild-type P. rhodos 9-6 was obtained from the collection of W. Heumann, University of Erlangen (8) . Mutant strain B9, having only complex flagella (23) , was used for the isolation of complex flagellar hooks.
Isolation and purification of hooks from complex flagella. Preparations of complex flagella containing filaments and hooks were obtained as described previously (23) . Instead of saline (0.85%), TET buffer [0.01 M tris(hydroxymethyl)aminomethane-chloride (pH 8), 0.025 M ethylenediaminetetraacetic acid, 0.1% Triton X-100; all from Serva, Heidelberg] was used throughout the differential centrifugation to separate carotenoid pigments and membrane fragments attached to the flagella (7) . Hooks were purified by a modification of the procedure of Abram et al. (1) . Purified complex flagella (5 mg of protein per ml) were adjusted to pH 3.25 by a 16-h dialysis against 0.1 M glycine-hydrochloride. Under these conditions, the complex filament disintegrates into monomers while the hook structure remains largely intact. After lowspeed centrifugation (at 15,000 x g for 10 min) to remove undissolved material, the hooks were concentrated by high-speed centrifugation (at 160,000 x g for 120 min). The resulting pellet consisted largely of hooks, whereas the supernatant contained the monomeric flagellin. Further purification of the hooks was accomplished by centrifugation of the pellet (0.2 ml in 0.1 M glycine-hydrochloride) in a 6-ml linear sucrose gradient (5 to 20%, wt/vol) at 130,000 x g for 60 min in an SW50 rotor (PK50 centrifuge, WKF, Darmstadt, Germany). The fractions were monitored by absorbance at 230 nm (PMQII-Photometer, Zeiss, Oberkochen, Germany), and their homogeneity was tested by sodium dodecyl sulfate (SDS)-acrylamide gel electrophoresis and electron microscope examination. For isopycnic centrifugation, 0.1-ml samples were sedimented at 30 ,000 rpm for 20 h (SW50 rotor) in a preformed discontinuous CsCl gradient (bottom, 2 ml of CsCl at a density of 1.54 g/ml; top, 2 ml of CsCl at 1.27 g/ml).
Partial degradation of complex flagella by 6 M urea. To a 2-ml sample of complex flagella (2 to 4 mg of protein per ml) solid urea was added to give a final concentration of 6 M. The mixture was kept at 25 C. Samples of 0.2 ml were withdrawn at intervals, immediately diluted into 4 ml of ice-cold, distilled water, and then sedimented at 100,000 x g for 60 min. The sediments, containing flagella degraded to various degrees, were examined by electron microscopy.
SDS Fine structure of the plain flagellar hook. A high-resolution electron micrograph of the proximal hook and a fractured portion of the plain filament is shown in Fig. la . The cylindrical filament can be distinguished by the quasiaxial striation from the cone-shaped hook with its cross-hatched, globular substructure. The diffractogram of the hook (Fig. lb) is essentially one-sided. The principal reflections correspond to two sets of intersecting helices of pitch angles 10 and 250, respectively. This subunit arrangement becomes obvious in the one-sided optical reconstruction ( Fig. lc) obtained by using the principal maxima of the diffractogram (circled) for filtering. Any further interpretation of the diffraction pattern was rendered difficult by the noncylindrical shape of the particle.
Fine structure of the complex flagellar hook. Figure 2a shows a portion of the complex filament, dominated by the prominent undulations of the helical sheath (23) , and, attached to it, the proximal hook distinguishable by the cross-hatched appearance of its substructure. The diffraction pattern (Fig. 2b ) exhibits two classes of strong reflections on layer lines 5 and 4 at spacings of 3.8 and 4.9 nm-1, respectively, and additional maxima on layer line 1 at 19.5 nm -1, which suggest a helical arrangement of subunits in the hook structure. In the diffractogram, both sides of the particle appear equally well preserved, as indicated by the intensity of the corresponding reflections on each layer line (20) . The additional reflection on layer line 9 at 2.2 nm-1, indicating a high resolution of the original micrograph ( Fig. 2a) , is essentially one-sided and has not been observed in similar diffractograms. It was not studied further. Figure 2c shows the diffraction pattern with the reciprocal lattice superimposed; the lattices for the two sides of the hook are distinguished by broken and continuous lines. The slight deviation from meridional symmetry, which becomes apparent by comparing the two reciprocal lattices (Fig. 2c) , is presumably caused by a different degree of flattening on the two sides of the hook particle (20) . However, the presence of subsidiary maxima further from the meridian indicates no extensive flattening of the cylindrical structure (20, 21) .
The arrangement of subunits on the cylindrical surface derived from the diffraction data is defined by two sets of intersecting helical rows termed "large-scale" and "small-scale" (18) , with pitch-angles of 80 and 30°, respectively. This arrangement becomes clear in one-sided optical reconstructions ( Fig. 3a and 3b ) obtained by employing maxima located on the respective lattice of Fig. 2c . By using maxima of the two reciprocal lattices (Fig. 2c) for filtering, we obtained a two-sided image reconstruction (Fig. 3c ). The characteristic cross-hatched pattern seen in Fig. 3c results from a superimposition of small-scale helical rows from the upper and lower surfaces of the hook. The pattern formed by the superimposed helices shows mirror reflection symmetry with respect to the imaginary cylinder axis, indicating an even number of small-scale helices (21) . The axial distance of two neighboring helices obtained from the diffraction pattern (Fig. 2b ) is 4.9 nm; the basic periodicity appears to be 19.5 nm, leading to four helical rows ("four-start helix"; 4). The approximate value for the lateral separation of large-scale helices, which can be calculated from the equatorial spacing of 3.9 nm -l of the principal maxima on layer line 1 (Fig. 2b) The n,l plot (13) shown in Fig. 4a represents the diffraction analysis for one side of the hook particle (Fig. 2a) . The layer lines have been indexed; however, a determination of the order n of the Bessel function remains ambiguous (20) . From the calculated number of large-scale helical rows, the order of Bessel function n of the maximum on layer line 1 should be 10 or 11; accordingly, the probable orders of the reflections on layer lines 4 and 5 are 5 or 6. Figure 4b shows a radial projection of the corresponding surface lattice consisting of four small-scale helices and between 10 and 11 large-scale helical rows of subunits. The axial and lateral dimensions of the unit cell, which defines the surface lattice, are 4.9 and 4.7 nm, respectively.
Controlled disintegration of complex flagella by 6 M urea. Treatment of isolated complex flagella with 6 M urea at 25 C resulted in the disintegration of the flagellar filaments, which increased with time (23), whereas the hook structures apparently remained intact. After ultracentrifugation, sediments revealed assemblies of hooks of fairly constant length and diameter, discernible by their typical fine structure. After 30 min of urea treatment, relatively few hooks were found with their filaments attached. When viewed by electron microscopy, the majority of hooks appeared as straight cylinders, which were closely packed in 4 regular stacks (Fig. 5a ). In these stacks, the polar orientation of the hook structures, detectable occasionally by a V-shaped incision at the distal end (1, 31), appears to be identical. Conceivably, this regular arrangement is due to the "mutual fit" of the surface structures of neighboring hooks and to forces that keep them together.
Extensive treatment with 6 M urea (more 6 M urea. Stain has penetrated into the structure and reveals a core inside the tubular sheath. In addition, a portion of the core structure of the complex filament (CF), stripped of its helical sheath by urea treatment and distinguishable by a narrow central canal (arrow), can be seen. Apparently, the filament has been detached from the hook during the preparation. Bars Fig. 5b .
Purification and analysis of complex flagellar hooks. Initially, 6 M urea was employed for the controlled decomposition of the complex flagellar filaments (23) . Under these conditions, however, it was difficult to disintegrate completely the filaments without also affecting the integrity of the hook structure (Fig. 5b) . According to Abram et al. (1), flagellar filaments can be decomposed and separated from their hooks at acidic pH. Under their conditions, isolated hooks remained largely intact as judged by electron microscopy. A similar procedure, using dialysis of a crude flagellar preparation against 0.1 M glycine-hydrochloride buffer, has been devised for the disintegration of the complex filaments of P. rhodos. At pH 3.25, filaments were completely decomposed with little or no damage to the hook. The pH adjustment had to be very precise; slightly lower pH affected the hook structure, leading to flattened and partially decomposed forms, as examined in an electron microscope; a higher pH resulted in partly disintegrated filaments, sometimes seen as thin fibers connected to the hooks (1, 23) . Further purification of the hooks was monitored by absorbance at 230 nm, electron microscopy, and SDS-gel electrophoresis. Differential centrifugation and subsequent sedimentation in a sucrose gradient (at pH 3.25) proved to be most successful for obtaining virtually pure preparations of hooks. The fast-running band in the elution profile (Fig. 6 , fractions 7 to 11) contains more than 95% of pure hooks. A sample examined by electron microscopy is shown in Fig. 7 (Fig. 8c) , corresponding to a molecular weight of 43,000 (23, 24, 30) . For comparison, the electrophoretic pattern of the filament monomer (Fig. 8b) and of various standard proteins (Fig. 8c) is shown. It is noteworthy that no further protein bands appear in the hook preparation, indicating that the isolated hook consist entirely of the 43,000-molecular weight monomer. The hook monomer contains no detectable amounts of carbohydrate as concluded from the negative result of specific staining (12) .
The peak of the elution profile (Fig. 6) comprising the hook fractions is not symmetrical and has a leading shoulder, probably caused by hook aggregates as seen in Fig. 5a . We may assume, however, that the sedimentation constant of individual hooks of average size is represented by peak fraction no. 9 (Fig. 6) . The sedimentation value calculated on this basis (19) is 130S. The density of purified hooks, determined by isopycnic centrifugation in a CsCl gradient, was 1.29 g/cm 3. long, and have a cross-hatched subunit pattern (Fig. 1) . The hooks of complex flagella are generally straight cylinders, 180 to 190 nm long, with a distinct helical arrangement of subunits ( Fig. 2 and 3) . The surface lattice (Fig. 4b) , deduced from an optical diffraction analysis, is comprised of four small-scale helical chains, each containing between 10 and 11 subunits per turn (the value calculated from a particle diameter of 16 nm is 10.6). The unit cell orientation of both plain and complex flagellar hooks clearly distinguishes them from the corresponding filaments (23), suggesting that they are different portions of the flagellum. Electron micrographs of flagella show a clear separation between hooks and attached filaments without any visible transition zone.
Attempts to isolate and purify hooks depend primarily on the quantities present in flagellar preparations. The proportion of the plain species was low in our isolates, with less than 10% of the filaments containing hooks. In contrast, isolates of complex flagella frequently contained more than 50% of hooks, amounting to 10% of the total material as judged by the intensity of the corresponding protein bands in SDS gels (23) . Their isolation was also favored by their unusual length (180 to 190 nm), which exceeds the length of other flagellar hooks about threefold. The possibility of correlating the welldefined surface structure with biochemical data made an analysis of its composition especially tempting.
Owing to the greater stability of hooks at pH 3.25, these could be separated from their filaments (1) . Differential centrifugation and subsequent velocity sedimentation in an acidic sucrose gradient yielded a fairly homogeneous preparation of complex flagellar hooks. An electron micrograph (Fig. 7) shows cylinders 150 to 180 nm long, some of which are curved. This may reflect the natural curvature (1, 5) of complex hooks or their structural flexibility (26) , but it may also be an effect of the low pH used during the isolation procedure. The homogeneity of the preparation was demonstrated by the appearance of a single protein band having a molecular weight of 43,000 in SDS gels (Fig. 8) . The hook subunits contained no detectable carbohydrate component. Its protein nature was further supported by the fact that the buoyant density was 1.29 g/cm3. The molecular weight of 43,000 distinguishes the hook protein from the complex filament monomer of molecular weight 55,000 (23 (9, 31) .
A particle weight of appro) the average hook has bee sedimentation value of 130S, factor of 1.5 to account for ratio 10:1 (10). Accordingly particle is comprised of 2 x I subunits, corresponding to a the four-start helix or approx length. This estimate ranges only 10 to 15% above the average length of the hook particles seen in electron micrographs (Fig. 7) . In view of possible errors involved in the sedimentation analysis and in the various assumptions in ___ calculating the molecular weight (10, 18) , the BSA result is in good agreement with the structure derived from electron microscopy and optical diffraction data (Fig. 4b) .
.DVA Unlike the flagellar filament, the hook has a N311VA defined length, which is genetically determined PE P (25, 27) . The detection of a core inside the complex flagellar hook (Fig. 5b) (1, 9, 31) , as occasionally seen in our microine serum albumin, graphs (Fig. 5a ). The core material could be n; LYS, lysozyme).
flagellin on its way to the site of filament assembly. The connection with the basal region R. Schmitt, manu-(5) has not been demonstrated for the complex cate similarities in flagellum of P. rhodos owing to difficulties in ophobic and acidic lysing the cell envelope. Therefore, the recent threonine content, discovery of complex flagella in a species of iydrogen bond for-Rhizobium (22) yielding to lysozyme treatment )ntent of the hook will be useful for the elucidation of the basal eater stability. The structure of complex flagella.
two structural proFrom their structural properties, a dual funcfor the ability of tion of flagellar hooks can be postulated. First, their frayed distal they may be responsible for the transport of flagellin into fila-flagellin monomers to the cell surface and serve as initiation sites for the polymerization of the Kimately 2 x 107 for filaments. Second, they perform a distinct funcn derived from a tion in the rotation of the bacterial flagellum by , using a correction specifically connecting the flagellar motor with a cylinder of axial the filament. For this accomplishment the inan average hook tegrity of the hook is obviously important, since 107/4.3 x 104 = 470 mutant "polyhooks" missing a function inbout 11 periods of volved in the termination of the hook assembly cimately 210 nm in fail to propagate bacterial motion (25 other hand, polyhooks without attached filaments are capable of rotating (26) , suggesting that the entire hook structure rotates in the cell envelope (3, 26) . It thus serves as a "universal joint" (3) that transforms the rotation of the basal motor into effective flagellar motion. 
